Abstract With the advent of targeted therapies, there has been a revolution in the treatment of cancer across multiple histologies. Immune checkpoint blockade has made it possible to take advantage of receptor-ligand interactions between immune and tumor cells in a wide spectrum of malignancies. Toxicity in healthy tissue, however, can limit our use of these agents. Immune checkpoint blockade has been approved in advanced melanoma, renal cell cancer, non-small cell lung cancer, relapsed refractory Hodgkin's lymphoma, and urothelial cancer. Though FDA-approved indications for use of some of these novel agents depend on current protein-based programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) assays, detection methods come with several caveats. Additional predictive tools must be interrogated to discern responders from non-responders. Some of these include measurement of microsatellite instability, PD-L1 amplification, cluster of differentiation 8 (CD8) infiltrate density, and tumor mutational burden. This review serves to synthesize biomarker detection at the DNA, RNA, and protein level to more accurately forecast benefit from these novel agents.
Introduction
With the advent of targeted therapies, there has been a revolution in the treatment of cancers across histologies. In nonsmall cell lung cancer (NSCLC), for example, targetable driver mutations such as epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), or ROS1 have been discovered [1] . Nonetheless, there remains a significant need for additional therapies due to the development of acquired resistance, as well as the fact that many patients have multiple genomic alterations varying from individual to individual [2] . In the not so distant past, as researchers began to understand tumor biology, the importance of the immune microenvironment came to the forefront. Attempts at utilizing early immunotherapies, such as interleukin-2 (IL-2) for metastatic renal cell carcinoma and melanoma, however, were characterized by low rates of response. Nonetheless, durable remissions were seen in ∼8-12% of patients [3] . Only years later, immune checkpoint blockade targeting T cell inhibitory signals entered the oncology vernacular [4] [5] [6] . The role of the cancer mutanome and immunogenic neoantigen generation became increasingly appreciated. Tumor histologies associated with a high mutational burden and neoantigen generation were found to be susceptible to the host's adaptive immunity [7, 8] . With the ability to partially reverse cancer immunosuppression, checkpoint inhibitors, in particular anti-cytotoxic Tlymphocyte-associated antigen 4 (CTLA-4) and antiprogrammed death 1 (PD-1)/programmed death ligand 1 (PD-L1), have now been approved across histologies (Fig. 1) .
Immune checkpoint blockade takes advantage of the receptor-ligand interactions between T cells and tumor cells. This binding can occur early in the T cell activation cascade, e.g., in the tumor-draining lymph nodes, or in the tumor microenvironment itself. One such interaction between cluster of differentiation 28 (CD28) and CTLA-4 is upregulated after T cell activation so as to attenuate cytotoxic response. This is normally protective in that it prevents overactivation of the immune system to antigen stimulation. Additionally, in some cases, activated T cells upregulate ligands that bind to receptors on antigen-presenting cells (APCs) and can also send an inhibitory signal. One such interaction is between PD-L1 on tumor cells and APCs that binds to PD-1 receptors on T cells. Blocking these inhibitory signals can unleash robust immune responses against tumor cells [9] .
Unfortunately, our ability to accurately predict response to these agents has been suboptimal. Moreover, toxicity related to action in healthy tissue has limited our use of these agents. For this reason, PD-L1 immunohistochemistry (IHC) was developed to help discern responders from non-responders across histologies. Despite IHC assays, however, 0 to 17% of patients that are considered to be PD-L1 Bnegative^will still respond, while 36 to 100% of PD-L1-Bpositive^patients will still respond to treatment. This dichotomization is important and suggests that additional factors are involved in predicting response [5] . A central dogma of cancer immunotherapy should involve detailing tumor and immune characteristics at multiple levels (e.g., the DNA, RNA, and protein levels) in order to predict response to immunotherapy.
Checkpoint inhibitors: an overview
CTLA-4 and PD-1, when expressed on activated T cells, inhibit immune-mediated attack on cells. Moreover, with higher expression of inhibitory signals, there is recruitment of immunosuppressive cells, a process called Bimmunoediting^ [10] . CTLA-4, PD-1, and PD-L1 are among a group of molecules known as inhibitory T cell checkpoints [9] .
Broadly speaking, CTLA-4 is a molecule expressed on T cells in central lymphoid organs, where it regulates T cell activation at its early stages. When the T cell receptor binds to a recognized antigen, the co-stimulatory molecule CD28 is activated and this augments T cell activity. CD28 and CTLA-4 both compete for binding of B7-1 and B7-2: CTLA-4 binding attenuates T cell activation, and CD28 binding augments it. CTLA-4 is upregulated on activated T cells as a homeostatic, Fig. 1 Timeline of FDA-approved indications for checkpoint inhibitors. Currently, there are four FDA-approved checkpoint inhibitors: ipilimumab, nivolumab, pembrolizumab, and most recently, atezolizumab. They have been approved for a variety of indications over the last 5 years auto-regulatory mechanism to outcompete CD28 with its enhanced binding affinity for B7-1 and B7-2 [9] .
In contrast to CTLA-4, PD-1 is expressed on NK, B, and T cells in the periphery, specifically in a tumor microenvironment. Similar to CTLA-4, the role of PD-1/PD-L1 binding is to attenuate the immune response. PD-1 is a receptor similarly upregulated on T cells during peripheral activation. Additionally, PD-1 is found on T regulatory cells and, when blocked, can reduce the suppressive activity of intratumoral T regulatory cells [11] .
PD-L1 IHC
Currently, predictive biomarker testing in a patient care setting exists in the form of PD-1/PD-L1 IHC detection on tumor specimens. However, there remains a need to harmonize IHC assays to determine clinically relevant cutoffs for the use of anti-PD-1/PD-L1 immunotherapies.
The initial phase I nivolumab trial revealed that patients who were PD-L1 positive (defined as greater than 5% of tumor cells express PD-L1 by IHC) had an overall response rate (ORR) of 36%. This was compared to an ORR of 18, 28, and 27% in all comers for NSCLC, melanoma, and renal cell carcinoma, respectively [12] . On the other hand, in the phase II (CheckMate 016) and phase III (CheckMate 017) studies comparing nivolumab to docetaxel in advanced squamous cell NSCLC, expression of PD-L1 on tumor cells was neither prognostic nor predictive [13] . The CheckMate 016 trial demonstrated a 3-month median overall survival (OS) advantage in the nivolumab arm and a duration of response that was prolonged (42% of patients alive at 1 year compared to 24% in the docetaxel arm). In contrast, in the phase III study comparing nivolumab with docetaxel in advanced non-squamous NSCLC (CheckMate 057), a similar ORR (17.6%) and OS (16% at 3 years) were observed; however, in the subgroup analysis, patients with higher PD-L1 expression (>5% by IHC) had improved ORR and OS [14] . Although these studies utilized the same diagnostic antibody and therapeutic antibody (nivolumab), there is discordance between response rates.
Also in the NSCLC setting, the KEYNOTE-010 trial compared pembrolizumab versus docetaxel for previously treated PD-L1-positive patients. The cutoff for inclusion was a PD-L1 expression with the 22C3 antibody of at least 1%. The trial then compared those Bstrongly positive^with PD-L1 expression by IHC of 50% or greater to all comers. It was found that in those with at least 50% of tumor cells expressing PD-L1, progression-free survival (PFS) was longer than in those who received docetaxel. Median OS followed suit (17.3 versus 8.2 months) in those receiving pembrolizumab at 10 mg/kg [15] . The disparate results in relation to the predictive capacity of PD-L1 IHC between the squamous and non-squamous NSCLC cohorts further highlight the need for additional predictive biomarkers.
Atezolizumab was similarly studied in the advanced metastatic urothelial cancer setting. When assessing tumor specimens, PD-L1 expression on stromal immune cells (ICs) was specifically distinguished from PD-L1 expression on tumor cells (TCs) utilizing the SP142 antibody. Groups with the highest IC PD-L1 expression had better ORR [16] . Similarly, in the phase II multicenter POPLAR study comparing single-agent atezolizumab versus docetaxel for pretreated NSCLC, PD-L1 expression was measured on both immune cells as well as on tumor cells. OS was 12.6 months for atezolizumab versus 9.7 months for docetaxel (P = 0.04), and increasing improvement in OS was directly related to increasing PD-L1 expression [17] . In conjunction with another randomized controlled study, POPLAR leads to the approval of atezolizumab for NSCLC in the second-line setting. This will be discussed later.
Another anti-PD-L1 agent being interrogated in the urothelial cancer setting is durvalumab. PD-L1 IHC utilizing a different antibody, SP263, found that both tumor and immune cells expressing greater than 25% PD-L1 was predictive of response. Further research into the disparate results in terms of tumor cell expression of PD-L1 by SP142 with atezolizumab versus SP263 with durvalumab is warranted [18] .
From the data presented, there is clearly discrepancy in how we measure PD-L1 expression. Issues include which cutoff to use for positive and negative and which detection antibody to use for IHC. Furthermore, given the uneven expression of PD-L1 in tumor cell populations, small biopsies may not give an accurate representation of true PD-L1 density. Finally, the question arises whether we should be using information from both tumor cell and infiltrating immune cell staining or focusing on only one technique to harmonize our recommendations for therapy [5] .
Beyond PD-L1 IHC
Generally speaking, the data suggest that PD-L1 IHC can be an effective positive predictive marker for response to anti-PD-1/PD-L1 therapy. However, as mentioned above, patients with PD-L1-negative tumors can still respond to immune checkpoint blockade and a substantial fraction of PD-L1-positive patients do not respond. For this reason, there is a need to delve deeper into the drivers of PD-targeted responses. As the central dogma of molecular biology dictates, BDNA codes for RNA, RNA codes for protein,^so too does this apply to cancer immunotherapy. There are drivers (and passengers) at the DNA level and RNA level that, if detected, can allow us to personalize our immunotherapeutic armament to the correct patient population.
DNA level changes

Mismatch repair mechanisms
Deficiencies in DNA mismatch repair (MMR) mechanisms result in microsatellite instability (MSI). The accumulation of cancer genomic errors results in microsatellite fragments that can be detected by current assays. MSI can result in the development of various cancers, such as colorectal cancer and endometrial cancer [19] . MSI-high (MSI-H) status has prognostic significance in colorectal cancer in relation to adjuvant chemotherapy in addition to predictive significance for anti-PD-1-directed therapy. MMR status can be determined via IHC or the more specific polymerase chain reaction (PCR) assay at specific microsatellite foci [20] .
Tumor mutational burden
Patients with higher tumor mutational burden (TMB) and neoantigen load have improved response rates to immune checkpoint blockade [21] . This is related to the concept that with increased TMB, the probability of a cognate T cell clonally expanding against a specific tumor antigen will increase [22] .
To illustrate this, we can build on our knowledge of microsatellite-unstable tumors discussed above. In one study, microsatellite marker MSH2, MSH6, MLH1, or PMS2 loss resulted in increased sensitivity to immune checkpoint blockade. Pembrolizumab was studied in three cohorts (total N = 48): MMR-deficient colorectal cancers (which harbored a mean of 1782 somatic mutations in their tumors), MMRstable colorectal cancers (which harbored a mean of 73 somatic mutations in their tumor), and MMR-deficient non-colorectal cancer tumors. In the MMR-deficient (MSI unstable or MSI-H) cohorts, the median ORR was about 60% regardless of histologic type compared to 0% in the MMR-stable colorectal cancer patients. Predictably, the MMR-stable cohorts did not have increased PD-L1 expression [8] . MSI-high tumors always have high TMB, but MSI-high status alone is neither necessary nor sufficient to account for total mutational burden [23] .
At least one additional factor contributing to hypermutation is the dysfunction of DNA polymerase. DNA polymerase epsilon (POLε) and DNA polymerase delta (POLδ) are required for reliable DNA replication. In POLε germline variant carriers, there is a higher association with microsatellite instability. De novo POLε/POLδ mutations can also occur and predispose to high TMB and therefore the development of colorectal cancer [24] . It was found that mutations in the POLε proofreading domain of DNA polymerase in endometrial tumors lead to high TMB, neoepitope generation, and PD-1 expression in tumor-infiltrating cells. This, in turn, can be predictive of improved antitumor activity of checkpoint inhibitors due to increased intratumoral T cell activation [25] . For this reason, POLε/POLδ IHC or PCR can potentially be used to screen for germline or somatic mutations and may predict response to immune checkpoint blockade.
In addition to intrinsic hypermutation, there are several additional factors contributing to a patient's mutational landscape, including the molecular Bsmoking signature.^The molecular smoking signature is the conglomerate of deregulated genes in cigarette smokers. It has been shown that there are many differentially expressed gene transcripts in smokers versus non-smokers leading to a differential mutational landscape between the two groups [26] . It has also been shown in NSCLC that this mutational landscape determines sensitivity to PD-1 blockade. In one study, whole-exome sequencing of NSCLC was performed in patients treated with pembrolizumab. In all comers, those tumors with high total exomic mutational burden, especially non-synonymous mutations, and those who expressed a molecular smoking signature demonstrated increased PFS [27] .
It appears that response to checkpoint blockade is not only predicted broadly by mutational burden and neoantigen expression but more so by clonal neoantigens. Clonal neoantigens refer to those antigens that are conserved with high fidelity throughout the tumor cell. Swanton et al. demonstrated that in 139 primary lung adenocarcinoma specimens, a higher percentage of tumorinfiltrating cells directed at clonal neoantigens expressed higher PD-1. Therefore, these particular specimens were more sensitive to checkpoint blockade [28] . This demonstrates that mutational burden and neoantigen load at the DNA level, as well as the manner of tumor-infiltrating lymphocyte (TIL) activation and expansion, are all relevant in predicting antitumor response.
PD-L1 gene amplification
Because of caveats with PD-1/PD-L1 surface protein detection mentioned earlier, PD-L1 amplification at the genetic level might be a more useful predictive tool. In a study evaluating PD-L1 and PD-L2 gene copy number gains among resected NSCLC specimens, PD-L1 genomic augmentation more consistently and reliably correlated with true PD-L1 protein expression. This was demonstrated by an increased concordance of PD-L1 copy number gains versus PD-L1 protein expression in the primary tumor and associate lymph node metastases (86.8% concordance versus 64.4% concordance, respectively). Moreover, the study demonstrated a significant difference in overall survival between PD-L1-positive and PD-L1-negative patients (7.2 versus 14.0 years, respectively) [29] . For this reason, PD-L1 amplification assays may be useful predictive biomarkers that may one day replace, or be performed in addition to, PD-L1 IHC.
T cell receptor clonality
The diverse T cell repertoire of the human immune system is eventually tailored as antigenic peptides on MHC interact with the T cell receptor (TCR). Much of this clonal tailoring occurs at the complementarity-determining region 3 (CDR3) variable domain on the T cell receptor. Using nucleotide level sequencing of the CDR3 domain, a signature corresponding to TCR clonality may be detected [30] . A study of 46 patients with metastatic melanoma treated with pembrolizumab was evaluated with baseline and on-treatment quantitative IHC, immunofluorescence, and next-generation sequencing of their T cell antigen receptors. Those patients who met the criteria for radiographic response were shown to have a 10-fold higher expansion of T cell clonal populations compared to those who progressed [31] . T cell receptor clonality testing intratumorally, particularly of CDR3 variable domains, can be performed with PCR protocols and may represent a potential on-treatment biomarker to predict response earlier in the therapeutic course [32] .
RNA level changes
Another method of identifying inter-patient heterogeneity as it relates to treatment response is by assessing RNA level changes. Transcriptional signatures could be the clue to interrogating T cell-rich tumor microenvironments.
One important discovery highlighting the power of identifying transcriptional and post-transcriptional elements as predictive biomarkers is the identification of microRNA expression. MicroRNAs (miRNAs) are small non-coding post-transcriptional regulators. One of the pathways involving these regulators is known as the signal transducers and activators of transcription (STAT) pathway. STAT1 is a transcriptional regulator that recruits effector cells during the immune response, and STAT3 downregulates this response to interferons and hence can facilitate tumor progression. The ratio of these post-transcriptional modulators was found to be a key in predicting therapeutic effects of IFNa2b in melanoma. In one study, for example, those with a higher STAT1/STAT3 ratio prior to treatment had prolonged OS (P = 0.032) [33] .
Many circulating serum miRNAs have been proposed as predictive biomarkers for various malignancies [34] . One of these is miRNA-21. This miRNA not only upregulates STAT3 but is also a circulating molecule that can be detected noninvasively. This can make it a useful surrogate for STAT3 activation and, therefore, useful as a predictive biomarker for immunotherapy [35] .
Along with detection of surrogate regulators of transcription, direct detection of interferon and immune transcriptional signatures has shown promise in predicting response to checkpoint blockade. In a 2015 study utilizing discovery sets from the phase 1b KEYNOTE-001 study in which pembrolizumab was applied to several advanced solid malignancies, RNA was extracted and various gene signatures were analyzed. A 10-gene interferon-gamma signature and a 28-gene Bexpanded immune^signature were shown to correlate significantly with ORR and PFS. Independent testing in head and neck, gastric, and melanoma tumors yielded similar results [36] .
Expanding on this, detection of CD8+ T cell infiltrates in the tumor microenvironment has been shown to have prognostic significance. Using RNA sequencing data from The Cancer Genome Atlas (TCGA), 3485 tumor specimens over 11 different tumor types were analyzed for lymphocyte and macrophage gene expression. High expression of B cell and T cell signatures predicted improved overall survival. The CD8+ T cell hazard ratio reduction was particularly striking (for example, HR for breast cancer = 0.36, P = 0.01) [37] . Corroborating this, in the realm of head and neck cancer, it has been shown that HPVpositive tumors have an increased number of CD8+ T cell infiltrates as compared to HPV-negative tumors. In high CD8+ and HPV+ tumors, there was an increase in proinflammatory chemokines and also a higher expression of PD-1 mRNA compared to HPV-negative tumors. The presence of high intratumoral CD8+ T lymphocytes is purported to play an important role in immunotherapy response [38] .
Adding to this interesting biomarker detection approach, recent data suggest that tumor immune microenvironment characterization with novel anti-PD-L1 agents is important. In the phase II POPLAR study comparing atezolizumab versus docetaxel in previously treated NSCLC, exploratory analysis of pretreatment gene signatures was performed. Genes assessed had all been previously associated with activated T cells. A high biomarker group was defined as one with greater than or equal to the median level of gene expression in tumor samples. Those with high biomarker T effector interferon-gamma gene signatures had improved OS with atezolizumab (HR 0.43 versus HR 1.1 in the low biomarker group). Additionally, these T effector-associated interferongamma gene signatures were directly associated with PD-L1 expression on tumor-infiltrating cells. This suggests that Bpreexisting immunity^within tumor cells was beneficial [17] .
Currently, Wallden et al. have developed additional predictive testing for anti-PD-1 therapy. The anti-PD-1 gene expression (BGx^) probe developed by NanoString gives a predictor score (PS) based on composite RNA signatures from formalin-fixed, paraffin-embedded (FFPE) tissue [39] . These signatures are overexpressed in certain tumor tissues (e.g., melanoma) and could predict efficacy of immunotherapeutic agents such as pembrolizumab. Aside from melanoma, studies have also been done on specimens from anal, biliary tract, colorectal, esophageal, and ovarian cancer. Early phase validation studies are still needed [40] .
Additionally, in development are methods to perform largescale analysis of RNA on complex tissues. IHC and flow cytometry can only assess for a limited number of phenotypic markers, and often, preparation of tissue results in nonevaluable cells [41] . As illustrated by Newman et al., one method to detect RNA transcripts in bulk is known as celltype identification by estimating relative subsets of RNA transcripts (CIBERSORT). Developed at Stanford, this computational method can identify several gene expression signatures and extrapolate complex admixtures of cells within bulk tumor down to components of 0.5% [42] . CIBERSORT has been applied in triple negative and BRCA 1 and 2 mutated breast cancer tumor lines. Pretreatment biopsies from the PrECOG 0105 trial (evaluating neoadjuvant carboplatin, gemcitabine, and iniparib in the stage I-IIIA setting) were evaluated by CIBERSORT flow cytometry. Tumors were given an Bimmune score^as defined by intratumoral TIL assessment. There was a correlation between higher immune scores by CIBERSORT and pathologic complete response in all tumor types (P < 0.05) [43] . This type of technology could be applied to evaluate bulk stromal and tumor cells in order to predict response to novel immunotherapies.
Protein level changes
As described earlier, the most widely utilized assay for predicting response to novel immunotherapeutics is the measurement of protein expression by IHC. The FDA approval for pembrolizumab in NSCLC is for patients with PD-L1-positive tumors by IHC, and multiple upcoming approvals of novel anti-PD-1 and anti-PD-L1 agents will likely require biomarker expression [5] .
To review, in early studies, PD-L1 expression in at least 50% of NSCLC tumor cells correlated with improved efficacy of pembrolizumab. The ORR in the total evaluable population with at least 50% PD-L1 expression was 45.2% compared to 16.5 and 10.7% in those with 1-49 and <1% expression, respectively [17, 18] . Additionally, in the CheckMate 057 trial mentioned earlier, superior OS was quickly demonstrated with nivolumab over second-line docetaxel and PD-L1 expression status positively correlated with OS [14] .
Due to conflicting data, FDA labels for pembrolizumab and nivolumab differ in terms of recommendations for PD-L1 testing in NSCLC. For pembrolizumab, the recommendation is IHC testing with any PD-L1 IHC antibody. Studies support a PD-L1-positive cutoff of 50%; however, there is no specific cutoff for determining pembrolizumab use in NSCLC based on its FDA label. Nivolumab in the squamous cell NSCLC setting, on the other hand, does not have an FDA label for approved molecular testing [44] . For nivolumab in the non-squamous NSCLC setting, PD-L1 IHC with 28-8 antibody testing is optional (given that the subgroup analysis demonstrated that patients with PD-L1 overexpression derived preferential benefit) [45] .
To illustrate variable PD-1/PD-L1 expression, a study of 321 patients with NSCLC was performed. PD-1 expression on TILs was found in 22% of the samples, and PD-L1 expression on tumors was found in 24% of the samples. Improved OS was demonstrated in only certain subsets. These included those with squamous cell histology, those who received adjuvant therapy, those who had large tumor size (T2-T4), or those who had positive nodes (N1-N3) [46] .
A correlative study done in urothelial cancer also evaluated PD-L1 expression on TILs. The study found that PD-L1 expression was detected in approximately 20% of cases. Additionally, positive PD-L1 expression on TILs was associated with significantly longer survival in patients who developed metastatic disease (23 versus 12 months, P = 0.02, N = 89) [47] . It is important to also note that PD-L1 expression is differentially predictive depending on tumor type and location (tumor PD-L1 expression versus immune cell PD-L1 expression) [48] . In the aforementioned study in urothelial cancer, PD-L1 expression was only predictive for response to atezolizumab when assessed on TILs. This is in contrast to the majority of PD-L1 IHC testing which is detected on the tumor membrane itself. This adds to the earlier mentioned variables for PD-L1 IHC as a predictive biomarker, including differing cutoffs, heterogeneous methods of tissue preparation and processing, variability depending on biopsy site, and new expression on TILs versus tumor cells [5] .
It has been proposed that perhaps understanding the external and internal regulators of PD-L1 expression could assist in enhancing the sensitivity and specificity of PD-1/PD-L1 detection methods. In more recent studies, for example, EGFRmutant NSCLC tumors were found to display disproportionately elevated PD-L1 levels and EGFR-mutant mice showed improved response to anti-PD-1 therapy (over EGFR wildtype counterparts). Despite this data in mice, a clinical trial combining nivolumab with erlotinib in EGFR-mutant patients demonstrated modest overall response in the advanced NSCLC setting (ORR 19%, and PFS at 24 weeks was 51%) [49] . Detection of a molecular smoking signature and JAK3 activation were also predictive in the same manner [50] . In one review outlining the complexity of epithelial PD-L1 expression in head and neck cancer, several intrinsic and extrinsic regulatory signaling mechanisms were described. A strong argument was made for improved understanding in this realm so as to optimize treatment approaches [51] .
PD-L2 is now also being investigated as an important ligand in T cell immune response. In one study retrospectively evaluating outcomes with atezolizumab (anti-PD-L1) in four cancer types (melanoma, NSCLC, urothelial cancer, and renal cell carcinoma (RCC)), expression of PD-L2 correlated with response. Spearman correlations were stronger in melanoma (0.80), urothelial cancer (0.77), and NSCLC (0.74) than in RCC (0.43). Higher expression of PD-L2 was associated with improved OS with atezolizumab. When comparing biomarker high PD-L2 expression with biomarker low PD-L2 expression, the OS HR was 0.28 in the melanoma cohort [52] . Further studies regarding the role of PD-L2 are needed.
Aside from the PD-1/PD-L1/PD-L2 protein expression, there are other important assays that could be useful in predicting response to checkpoint blockade. For example, antecedent viral infection of tumor cells could be predictive of immune checkpoint response. It was suggested that this might be mediated through a broadening of neoantigen-directed T cell responses [53] . This was corroborated in a recent openlabeled phase III trial (CheckMate 141). The study randomized head and neck cancer patients who had progressed on platinum-based chemotherapy to nivolumab versus investigator choice (IC). PD-L1 and HPV (p16 positive) status was assessed and correlated with response. The median OS in HPV-positive patients was 9.1 months in the nivolumab arm versus 4.4 months with IC. In HPV-negative patients, the median OS was 7.5 months in the nivolumab arm versus 5.8 months with IC (NCT02105636) [54] . Finally, at the cellular level, detection of other immune cell components may also be predictive of response to checkpoint blockade. In a study of the diffuse large B cell population, it was shown that increased effector T cell, NK cell, and tumor macrophage infiltration correlated with a PD-1-rich microenvironment and strong B cell immune evasion mechanisms [55] . Detection of the cellular milieu within the tumor microenvironment may have important clinical significance apart from PD-1/PD-L1 expression.
The current clinical status of checkpoint inhibitors
Approved for use in metastatic melanoma, ipilimumab was the first FDA-approved checkpoint inhibitor [56, 57] . Anti-CTLA-4 blockade has been evaluated in phase II/III clinical trials in NSCLC (in combination with chemotherapy), metastatic urothelial cancer, head and neck squamous cell carcinoma, and hormone-refractory prostate cancer [58] .
Tremelimumab, another anti-CTLA-4 antibody, has also been studied in advanced melanoma and a variety of other solid tumor types. A phase III study comparing OS with standard single-agent chemotherapy in metastatic melanoma patients failed to demonstrate improvement in median OS as a first-line treatment [59] .
The FDA approved nivolumab, an anti-PD-1 monoclonal antibody, in December 2014. With blockade of PD-1, inhibition of host immune T cell activation is abrogated [60] . Anti-PD-1 therapies in melanoma, NSCLC, renal cell carcinoma, head and neck squamous cell carcinoma, bladder cancer, and Hodgkin's lymphoma have yielded impressive results.
Pembrolizumab, another PD-1 inhibitor, was approved in September 2014 for metastatic melanoma and in October 2015 for second-line treatment of non-small cell lung cancer with tumors expressing PD-L1 [61, 62] . The KEYNOTE-001 trial demonstrated that in the advanced NSCLC setting, the ORR to pembrolizumab in a biomarker-unselected population was 19.4%. ORRs in patients with PD-L1 tumor proportion scores >50% (at least 50% of cells stained positive for PD-L1) were an unprecedented 45.2% [62] . On October 24, 2016, the US FDA approved pembrolizumab for use as a first-line treatment of NSCLC. This is the first FDA approval of checkpoint inhibitor therapy in the first-line NSCLC setting. The indication is for use in those patients without EGFR and ALK aberrations and at least 50% PD-L1 expression by an FDAapproved assay [63] . The approval was based on an international, open-labeled, randomized phase III trial (KEYNOTE-024) comparing pembrolizumab with IC of first-line chemotherapy for NSCLC. In the pembrolizumab group, ORR was 44.8% compared to 27.8% in the IC group. The median PFS was 10.3 months compared to 6.0 months in the pembrolizumab group versus the IC group, respectively. The median OS had not been reached; however, at 6 months, 80.2% compared to 72.4% of patients were alive in the pembrolizumab group versus the IC group, respectively [64] .
On October 18, 2016, the US FDA approved atezolizumab, another PD-L1 inhibitor for use in the second-line treatment of NSLCL. The indication for use is progression on platinumcontaining chemotherapy [65] . The approval is based on two international randomized clinical trials (OAK and POPLAR). OAK demonstrated a 13.8-month median OS with atezolizumab versus 9.6-month median OS in the comparative docetaxel arm (HR 0.74) [66] . Similarly, in the POPLAR trial, there was a median OS benefit of 2.9 months with atezolizumab compared to docetaxel [17] . Prior to this, in May 2016, atezolizumab was approved for the treatment of metastatic urothelial cancer. A multicenter phase II trial of atezolizumab in advanced and metastatic urothelial cancer patients who progressed with platinum-based chemotherapy demonstrated a 26% ORR in patients with positive PD-L1 expression on immune cells within the tumor microenvironment. Ongoing responses were demonstrated in 84% of the patients at median follow-up of 11·7 months. The median OS had not yet been reached [16] . In an early phase trial of both squamous and non-squamous cell lung cancer, the overall response rates were 23% [17] . It is currently in clinical trials across multiple other cancer types including melanoma, breast cancer, and renal cell carcinoma [16, 17] .
Another anti-PD-L1 monoclonal antibody, avelumab, has also shown clinical benefit in a subset of patients. This agent has the unique ability to mediate tumor cell death by not only checkpoint inhibition but also direct antibody-dependent cellmediated cytotoxicity (ADCC) and NK cell activation [67] . From the recent data presented at the American Society of Clinical Oncology conference in 2016, avelumab was demonstrated to have significant antitumor activity in metastatic Merkel cell carcinoma. The open-label phase II study showed a 31.8% ORR (with 9.1% complete response rate). The median OS was 11.3 months (NCT02155647).
In terms of toxicity, both anti-CTLA-4 and anti-PD-1/PD-L1 agents have been associated with severe immune-related adverse events (irAEs). In a retrospective review of 14 phase I to III ipilimumab trials involving nearly 1500 patients, 64.2% of patients experienced some degree of irAE. The most frequent toxicities were gastrointestinal, dermatologic, and Predictive method Detection of microsatellite instability (MSI) [19, 20] Detection of immune infiltrates [37, 38] Direct PD-L1 immunohistochemical (IHC) assays [5, 13-18, 45-48, 62] Example PCR detection of altered microsatellite foci in colorectal cancer [19] mRNA sequencing of CD8+ T cells in the tumor microenvironment [37, 38] PD-L1 expression in NSLCL tumor samples [13] [14] [15] 69] Predictive method Detection of tumor mutational burden and neoantigen load [7, 22-27, 29, 41] Identification of interferon-gamma and expanded immune signatures [36] Example Somatic and whole-exome genetic sequencing to detect bulk alterations in melanoma and other histotypes [27, 41] 10-gene and 28-gene RNA signatures in various solid malignancies [36] Predictive method PD-L1 amplification [29] Example Copy expansion assays to increase sensitivity of PD-L1 positivity across histotypes [29] Assays for response to checkpoint inhibitors include MSI detection, tumor mutational burden analysis, PD-1 copy amplification, and IHC endocrine. The rate of grade 3-4 toxicity was between 20 and 30% [68] . Anti-PD-1 agents are generally better tolerated with a 6% incidence of severe irAEs that include colitis, dermatitis, transaminitis, thyroid dysregulation, and a 1-2% pneumonitis rate [12] . Numerous single agent and combination clinical trials with immunotherapy are currently ongoing in a variety of tumor types including hepatocellular cancer (HCC), lung cancer, melanoma, lymphoma, sarcoma, small cell lung cancer, multiple myeloma, myelodysplastic syndrome, colorectal cancer, bladder cancer, renal cell cancer, acute and chronic myelogenous leukemia, gastric cancer, pancreatic cancer, breast cancer, and head and neck cancer [6, 12, 69] .
Conclusion
Because checkpoint inhibitor therapies are being validated in an increasingly histo-agnostic fashion, there is a need for more discerning biomarkers to predict benefit.
As we have seen, PD-L1 IHC expression is an important predictive biomarker and currently the only biomarker approved for clinical use. Overall, across studies, 36 to 100% of patients that are PD-L1 IHC positive on tumor cells will respond to therapies targeting the PD-1/PD-L1 axis. However, between 0 and 17% of PD-L1-negative patients also respond [5] . For this reason, additional biomarkers are required to fully interrogate the tumor immune microenvironment.
Just as assessment of human epidermal growth receptor factor 2 (HER2) status in breast and gastric cancer is standard of care, it is likely that PD-L1 IHC will become a reflex biomarker given the clinical science. Analogously, HER2 detection by IHC is suboptimal in the intermediate ranges, and reflex testing utilizing FISH is required in some situations. Similarly, reflex testing at the DNA and RNA levels may be required after initial PD-L1 protein level testing (Table 1 ).
Changes at the DNA level resulting in microsatellite instability and mismatch repair defects can result in the development of higher mutational burden and a welcoming DNA fingerprint for use of novel immunotherapies. From the standpoint of antitumor effector cells, T cells with evaluable TCR repertoires in an environment regulated by detectable miRNAs or type 1 interferon-gamma signatures might be used to categorize favorable transcriptional signatures. Finally, improved detection of PD-1/PD-L1 proteins and precursors, as well as detection of infiltrating cell types, will be crucial in predicting terminal effector interactions (Fig. 2) .
As the central dogma of molecular biology has ushered in the era of genome-guided precision medicine, the central dogma of immunotherapy remains an active area of research in the hopes of unlocking a similar promise. Genomic alterations differ from patient to patient, making individualized therapy necessary [70] [71] [72] . Indeed, the fields of genomics and immunotherapy intersect, with the immune system recognizing genomic alterations within the tumor. To date, the major predictive markers for checkpoint inhibitor response include PD-L1 expression, high tumor mutational burden, microsatellite instability, CD8 infiltrates, and PD-L1 amplification. Evaluation of patient-specific neoantigens and integration of the above markers into patient care will be necessary in order to fulfill the promise of immunotherapy.
